Aims/hypothesis T cells play a major role in the pathogenesis of type 1 diabetes, and there is great interest in developing curative immunotherapies targeting these cells. In this study, a monoclonal antibody (mAb) targeting the T cell receptor β-chain (TCRβ) was investigated for its ability to prevent and reverse disease in mouse models of diabetes. Methods RIP-OVA hi (C57BL/6-Tg(Ins2-OVA)59Wehi/ WehiJ) mice adoptively transferred with ovalbumin-specific T cells (an induced model of diabetes) and NOD mice (a spontaneous model of diabetes) were used to test anti-TCRβ mAb therapy as a means of preventing and reversing type 1 diabetes. Results A single dose of anti-TCRβ completely prevented disease in RIP-OVA hi mice without inducing the release of inflammatory cytokines. Transient anti-TCRβ therapy prevented diabetes in 90% of NOD mice and reversed the disease after its onset in 73% of NOD mice. Long after the remission of type 1 diabetes, the anti-TCRβ treated mice were able to reject BALB/c skin allografts with normal kinetics while maintaining normoglycaemia. Treatment did not cause significant reductions in lymphocyte numbers in the spleen or pancreatic lymph nodes, but did result in a decreased percentage of chemokine receptor 9 (CCR9) positive, CD8 + T cells. Notably, anti-TCRβ therapy increased the expression of programmed death 1 (PD-1) on the surface of the T cells; PD-1 expression is important for maintaining anti-TCRβ-induced self-tolerance, as type 1 diabetes recurs in mice following a blockade of PD-1 signalling. Conclusions/interpretation Anti-TCRβ mAb is a safe and effective immunotherapy that results in reduced numbers of CCR9 + T cells, an increased expression of PD-1 on T cells and the restoration of self-tolerance in NOD mice.
Introduction
Globally, the incidence of type 1 diabetes is increasing, with 30,000 new diagnoses each year in the USA and a trend towards a 70% increase in prevalence among European children by 2020 [1] . A combination of genetic and environmental factors is thought to contribute to the autoimmune response against the insulin-producing beta cells of the pancreas, mediated in large part by T cells [2] . Many reports in humans and rodent models demonstrate the critical role of CD4 + and CD8 + T cells in the pathogenesis of type 1 diabetes [3, 4] and have influenced the design of curative immunotherapies. Recent advances have allowed the generation of functional pancreatic beta cells from human pluripotent stem cells [5] ; however, an effective immunotherapeutic approach is needed to protect these newly generated insulin-producing cells from autoimmune attack. Although many immune interventions prevent disease in the NOD mouse model of diabetes [6] , no treatments are currently approved for clinical use in preventing type 1 diabetes [7] . Fewer therapies have been successful in reversing type 1 diabetes in NOD mice, notably, recombinant GAD65 autoantigen [8] , low dose IL-2 [9] and anti-CD3 monoclonal antibody (mAb) [10] . These therapies have been difficult to translate into clinical benefits for patients with type 1 diabetes [11] . Recent reports from clinical trials of new-onset type 1 diabetes have shown limited efficacy compared with placebo with GAD-alum [12] [13] [14] [15] , low-dose IL-2 plus rapamycin [16] or anti-CD3 mAb therapies [17] [18] [19] . Post hoc analyses in some of these trials have demonstrated clinical efficacy in select patient populations. Other trials, including different formulations of anti-CD3 and alternative T cell-targeting agents, have shown promise and continue to enrol new patients [15, 20, 21] . Some clinical trials, such as those testing abatacept (a CTLA4-Ig fusion protein) have demonstrated success in humans despite failing in NOD mice [14] . Regardless of the difficulty of translating these approaches from mouse to human, continued research into the identification of novel immune therapeutics to reverse type 1 diabetes in NOD mice is warranted as this remains the most useful preclinical model. Furthermore, a deeper understanding of cellular and molecular mechanisms in NOD mice may help to design more successful clinical trials.
A number of anti-TCR mAbs have also been tested for prolonging allograft survival, including clones T10B9 [22] and BMA031 [23] in humans and H57-597 in mice [24] .
Recently, our group demonstrated the efficacy of an anti-T cell receptor β-chain (TCRβ) mAb (H57-597) in inducing longterm cardiac allograft survival in mice through a regulatory T cell (Treg)-dependent mechanism [25] . This same clone has been effective in preventing type 1 diabetes in NOD mice [26] ; however, the mechanism of action and demonstration of long-term, durable self-tolerance have not been described. This work demonstrates the efficacy and safety of anti-TCRβ mAb treatment in restoring durable self-tolerance in diabetic NOD mice and provides unique insights into the mechanism underlying its ability to reverse type 1 diabetes in NOD mice. Reagents All fluorescence-conjugated mAbs, including anti-CD4 (GK1.5), anti-CD8a (Ly-2), anti-chemokine receptor 9 (CCR9; eBioCW-1.2) and anti-programmed death 1 (PD-1; J43), were purchased from eBioscience (San Diego, CA, USA). Purified anti-TCRβ (H57-597) mAb, anti-CD3 (145-2C11) mAb, anti-programmed 1 death ligand (PDL1; 10F.9G2) mAb and isotype (hamster IgG Ab) were obtained from Bio X-Cell (West Lebanon, NH, USA). Ovalbumin (OVA) 323-339 peptide was obtained from Ohio Peptide (Powell, OH, USA).
Methods
Blood glucose measurements All blood glucose measurements were performed using a ReliOn Ultima glucose meter (Abbott Diabetes Care, Alameda, CA, USA). The diagnosis of terminal diabetes in the prevention experiments was made after two consecutive days of blood glucose readings over 27.8 mmol/l, and new-onset diabetes was defined as two consecutive days of readings between 13.9 and 19.4 mmol/l for the remission experiments. [27] . Anti-PDL1 was dosed at 25 mg/kg on day 0, 12.5 mg/kg on day 2 and 12.5 mg/kg on day 4. Blood glucose levels were monitored for recurrence of diabetes.
Intraperitoneal GTT Non-diabetic NOD mice, diabetic isotype-treated NOD mice, NOD mice treated with anti-TCRβ for the prevention of type 1 diabetes (11 weeks posttreatment) and NOD mice treated with anti-TCRβ to induce a remission of type 1 diabetes (11 weeks post-treatment) were fasted for 5 h. After fasting, 1 g/kg glucose was given by i.p. injection and the blood glucose level was measured at 0, 15, 30, 45, 60 and 120 min after injection.
Serum insulin measurements
Blood was harvested at random from NOD-scid mice, non-diabetic NOD mice, diabetic isotype-treated NOD mice and anti-TCRβ-treated NOD mice in remission (10 and 60 days post-treatment). Following isolation of the serum, the insulin concentration was measured using the Mercodia Mouse Insulin ELISA kit (Uppsala, Sweden).
Islet histology and scoring Pancreatic tissue was harvested from NOD-scid mice, non-diabetic NOD mice, diabetic isotype-treated NOD mice and anti-TCRβ-treated NOD mice in remission (10 and 60 days post-treatment). The pancreatic tissue samples were fixed in formalin, embedded in paraffin and sectioned at three non-overlapping levels. The sections were stained with haematoxylin and eosin (H&E) for a histological analysis of insulitis as previously described [28] . The islets were scored individually as follows: 0, no lesions; 1, peri-insulitis; 2, <50% islet destruction; and 3, >50% islet destruction.
Skin transplantation Skin transplants were performed as previously described [29] at 12-18 weeks after the onset of type 1 diabetes in anti-TCRβ-treated NOD mice. Ear skin (1.0 cm 2 ) from WT BALB/c donors was grafted onto the flanks of NOD recipients. The grafts were covered with sterile bandages, which were removed 7 days post-transplant. Thereafter, the grafts were monitored daily for rejection (>80% necrosis).
Flow cytometry analyses Spleen, pancreatic draining lymph nodes (PLNs), pancreatic infiltrating cells and peripheral blood mononuclear cells (PBMCs) were harvested from non-diabetic NOD mice, diabetic isotype-treated NOD mice and anti-TCRβ-treated NOD mice in remission (10 and 60 days after the last dose). Cell suspensions were prepared and stained with fluorescence-conjugated antibodies as indicated. Flow cytometry was performed using a BD FACS Calibur machine (BD Biosciences, San Jose, CA, USA).
Statistical analyses Statistical analyses of curves of the percentage of diabetes-free mice were performed using the logrank test in GraphPad Prism (GraphPad Software, San Diego, CA, USA). Immune cell subset analyses and serum insulin levels were compared using the Kruskal-Wallis test with a Dunn's multiple comparison post-test to determine statistical significance. All other statistical analyses were performed using an unpaired, two-tailed Student's t test to determine statistical significance at the levels indicated.
Results
Transient anti-TCRβ treatment prevents type 1 diabetes with minimal inflammatory cytokine production Due to our previous observations of the strong effects of anti-TCRβ on antigen-specific T cell responses both in vitro and in vivo, the antibody was tested for its ability to inhibit T cell-mediated autoimmunity in an acute model of type 1 diabetes. RIP-OVA hi mice adoptively transferred with OT-I, OT-II and OVA 323-339 peptide-pulsed DCs were treated with either anti-TCRβ or PBS. All the mice treated with anti-TCRβ remained diabetes-free long after the adoptive transfer, whereas all the PBS-treated mice developed diabetes within 11 days (Fig. 1a, b ).
Anti-TCRβ was next tested in a more clinically relevant model of type 1 diabetes. Eight-week-old female NOD mice were treated with anti-TCRβ, anti-CD3 or isotype and monitored until 40 weeks of age. Whereas the anti-CD3 and isotype treatments were ineffective, the anti-TCRβ treatment prevented disease in 90% of these mice (Fig. 1c-f ). These experiments demonstrate the efficacy of anti-TCRβ treatment in preventing both the acute induction of type 1 diabetes in RIP-OVA hi mice and the spontaneous development of type 1 diabetes in NOD mice.
Since other antibodies targeting T cell signalling components have shown severe side effects such as cytokine release syndrome [30] , cytokine production was measured following the anti-TCRβ, anti-CD3 and isotype treatments. Serum levels of IL-2, IFN-γ, TNF-α and IL-6 were consistently low or undetectable in the isotype control group. In contrast, 1 mg/kg anti-CD3 significantly elevated the serum levels of IL-2 and TNF-α at both 1.5 h and 4 h, and of IFN-γ at 12 h, compared with anti-TCRβ (Fig. 2a-d) . Increasing doses of anti-TCRβ elicited significantly lower levels of serum IL-2, IL-6 and IFN-γ and undetectable levels of TNF-α when compared with anti-CD3 (Fig. 2e-h ). Normoglycaemic NOD mice exhibited significantly lower levels of IL-2, IL-6 and IFN-γ when injected with anti-TCRβ compared with anti-CD3. Similarly, NOD mice with new-onset diabetes that were injected with anti-TCRβ had significantly lower levels of IL-2 and IL-6 production compared with those injected with anti-CD3 (Fig. 2i-l) . Thus, anti-TCRβ has the potential to prevent T cell-mediated autoimmunity in both RIP-OVA hi and NOD mice, with minimal inflammatory cytokine release.
Anti-TCRβ therapy restores durable self-tolerance in new-onset diabetic NOD mice The NOD mice with newonset diabetes were treated with anti-TCRβ, anti-CD3 or isotype. Similarly to anti-CD3, anti-TCRβ was able to reverse the type 1 diabetes in 73% of the female NOD mice (Fig. 3a-d ). The durability of this self-tolerance was tested by challenging anti-TCRβ-treated NOD mice (long after remission) with an MHC-mismatched BALB/c skin allograft (Fig. 3e-g ). Although all the recipients acutely rejected the skin allografts with a mean graft survival time of 10±1 days (Fig. 3f) , they remained diabetes free even several weeks after graft rejection (Fig. 3g) . Together, these results demonstrate that brief treatment with anti-TCRβ after the onset of type 1 diabetes can reverse the disease in a majority of NOD mice. This restoration of self-tolerance is maintained long after stopping treatment and does not interfere with the ability of the immune system to produce a robust response against foreign alloantigens.
Anti-TCRβ-treated NOD mice have preserved pancreatic islet function with reduced inflammatory infiltration Anti-TCRβ-treated and healthy non-diabetic NOD mice each displayed normal reactions to an i.p. GTT (Fig. 4a) . In addition, anti-TCRβ-treated mice had significantly higher serum insulin levels at day 10 and day 60 after treatment than isotype-treated diabetic mice (Fig. 4b) . The serum insulin levels in the anti-TCRβ-treated groups were similar to those obtained from normoglycaemic NOD-scid and non-diabetic NOD mice. Histological analysis and pathological scoring revealed a large degree of infiltration and destruction of islets in the isotype-treated diabetic mice and reduced infiltration and preserved islet architecture in the anti-TCRβ-treated cohorts (Fig. 4c-h) . Thus, early-onset diabetic NOD mice treated with anti-TCRβ maintain normal glucose tolerance and insulin levels and have decreased islet destruction compared with isotype-treated mice.
Anti-TCRβ therapy reduces gut-homing receptor CCR9 + T cells without causing broad lymphocyte depletion in NOD mice To understand the effects of anti-TCRβ on the immune cell populations in NOD mice, the percentages of CD4 + and CD8 + in the total lymphocyte populations were Fig. 1 for dot plots) . There were no significant differences in the frequency of CD4 + (Fig. 5a-c ) or CD8 + (Fig. 5e-g ) T cells in the spleen, PLNs or pancreatic tissue. In addition, there were no significant differences in the percentage of Tregs within the CD4 + T cell population in any of the tissues tested (data not shown). The CD4 + and CD8 + T cell populations in PBMCs were reduced in the anti-TCRβ-treated day 10 group compared with the diabetic group (Fig. 5d, h ). These findings indicate that anti-TCRβ treatment causes limited lymphocyte depletion in NOD mice. The expression of the gut-homing receptor CCR9 on CD4 + T cells showed little difference in the tissues tested (Fig. 5i-l) . Further analysis revealed that anti-TCRβ-treated day 10 mice had significant reductions in the percentage of CCR9 + CD8
+ T cells in all the lymphoid and pancreatic tissues tested compared with diabetic mice (Fig. 5m-p and ESM Fig. 2 Anti-TCRβ therapy increases PD-1 expression on T cells that maintains self-tolerance in NOD mice Further analysis of the T cells in anti-TCRβ-treated NOD mice showed a significant increase in the expression of the co-inhibitory molecule PD-1 on the surface of the CD4 + T cells in the spleen at day 10 and in PBMCs at days 10 and 60 after treatment (Fig. 6a-d and ESM Fig. 3 ). The expression of PD-1 on the surface of the CD8 + T cells was also significantly increased in the pancreatic tissue of the anti-TCRβ-treated NOD mice at day 10 and in the PBMCs of the anti-TCRβ-treated NOD mice at day 60 ( Fig. 6e-h) .
PD-1 signalling in activated T cells provides an inhibitory signal to the T cells when it binds to its ligand PDL1, which is constitutively expressed on the surface of many cell types including cells in the pancreatic islets [31] . To determine whether signalling through PD-1 was important for the restoration of self-tolerance by anti-TCRβ therapy in NOD mice, anti-TCRβ-treated NOD mice that had achieved a long-term remission of type 1 diabetes (Fig. 7a) were treated with a brief course of anti-PDL1 mAb. Within 5 days of the initial administration of anti-PDL1, all four NOD mice developed diabetes (Fig. 7b, c) . This rapid recurrence of diabetes was not due to a pancreatic beta cell toxicity of anti-PDL1, as administration to healthy WT C57BL/6 mice did not induce hyperglycaemia. This evidence demonstrates the critical role that PD-1/PDL1 signalling plays in maintaining anti-TCRβ-induced selftolerance in NOD mice.
Discussion
Over a hundred different strategies have been reported for preventing type 1 diabetes in NOD mice [6] , but only a few treatments reliably reverse type 1 diabetes after its onset in NOD mice [32] . Notably, anti-CD3 therapy can reverse [10] but not prevent [33] type 1 diabetes in NOD mice unless it is given during the neonatal time period [34] . In contrast, anti-TCRβ treatment is effective both before and after the onset of type 1 diabetes in NOD mice. The reason for this difference in the ability to prevent diabetes in NOD mice is unclear but may be related to differences in the half-lives of the antibodies, as anti-TCR has a longer half-life [35] , or in the ability of the antibodies to stimulate T cells to proliferate and produce cytokines [36] . Although anti-TCRβ treatment has previously been found to be effective in preventing type 1 diabetes in NOD mice [26] , this is the first demonstration of a long-term reversal of disease using this TCRβ-targeting antibody.
There are a number of instances in which T cell-targeted antibody therapies have been shown to initiate a cytokine release syndrome, limiting their use in treating allograft rejection or autoimmunity [30] . However, in this study, anti-TCRβ elicited little inflammatory cytokine release compared with anti-CD3 in this and other publications, even at high doses [37] . Clinical studies have supported this unique property of TCR-targeted antibody therapies, as anti-human TCRα mAb (T10B9) used as an induction therapy in transplantation had fewer side-effects related to cytokine release compared with anti-CD3 mAb (OKT3) [22] . This may help to translate anti-TCR mAb back into clinical use for autoimmune diseases such as type 1 diabetes as it could allow for an expansion of the dose and timing of treatment beyond that of CD3-targeted regimens [17, 19, 21] .
Previous work has demonstrated the effectiveness of anti-TCRβ therapy, both alone and in combination with other treatments, in abrogating alloimmune T cell responses in order to prolong allograft survival in mice [24, 25] . Unlike the effects in C57BL/6 allograft models, in which anti-TCRβ caused a broad depletion of CD4 + and CD8 + T cells [25] , treatment with anti-TCRβ in NOD mice led to only limited lymphocyte depletion in PBMCs without enhancement of the Treg population. These differences in lymphocyte depletion may represent other interstrain differences between C57BL/6 and NOD mice, as has been reported for other antibodyinduced effects [38] . The activation status of the immune system in NOD mice is different from that in C57BL/6 mice, and it has been observed that T cells in adult NOD mice are resistant to activation-induced cell death by agonistic antibodies such as anti-CD3 [39] . This lack of broad lymphocyte depletion may explain how anti-TCRβ-treated NOD mice could still mount an effective immune response to reject BALB/c skin allografts. Importantly, this inflammatory event did not result in a recurrence of diabetes, suggesting the restoration of a durable self-tolerance by anti-TCRβ.
Moreover, a significant reduction in the population of CCR9 + CD8
+ T cells in all tissues suggests that anti-TCRβ engagement leads to a decreased expression of the guthoming CCR9 receptor and therefore less infiltration of gutassociated tissues by these cells. A population of CCR9 + T cells that produce the cytokine IL-21 was recently reported to be enriched in the pancreas and PLNs of diabetic NOD mice. This subset of T helper cells is necessary for development of type 1 diabetes through direct effects on cytotoxic T cells [40] . It may thus be possible that anti-TCRβ exerts its protective effects by preventing help being given by CCR9 + T cells to the cytotoxic T cells that play a critical role in pathogenesis of type 1 diabetes [41] .
New-onset diabetic NOD mice treated with anti-TCRβ also showed an increased expression of the co-inhibitory molecule PD-1 on CD4 + T cells in the spleen and PBMCs and on CD8 + T cells in PLNs at day 10 after treatment. These values remained high in both CD4 + and CD8 + T cells in PBMCs at day 60. In addition, signalling through the PD-1/PDL1 pathway was critical for the maintenance of anti-TCRβ-induced self-tolerance, as demonstrated by the PDL1-blocking antibody experiments. These results are in line with previous data describing the key role of PD-1 in maintaining self-tolerance to autoantigens by suppressing infiltration into the pancreas [42] . The PD-1/PDL1 pathway has also been implicated in the reversal of type 1 diabetes by several other therapies such as antigen-specific insulin and anti-CD3 by inducing anergy of the pathogenic T cells [27, 43] . PD-1 signalling is also known to drive the exhaustion of activated T cells in chronic infections and tumours [44] . However, the role of T cell exhaustion in models of type 1 diabetes remains unclear.
Overall, our studies show a safe and effective method for reversing the spontaneous onset of type 1 diabetes in NOD mice using transient anti-TCRβ therapy. The therapy induced durable self-tolerance without a broad depletion of T cells and without affecting their ability to respond to foreign antigens. Long-term remission from type 1 diabetes correlated with reduced CCR9 + T cells counts and increased PD-1 expression, which was critical for the maintenance of self-tolerance. These results have important implications for the future clinical use of TCR-targeted immune therapies for type 1 diabetes.
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